Chiral perturbation theory is a powerful method to investigate the hadron properties. We apply the non-local chiral effective Lagrangian to study nucleon magnetic form factors. The octet and decuplet intermediate states are included in the one loop calculation. With the modified propagators and non-local interactions, the loop integral is convergent. The obtained proton and neutron magnetic form factors are both reasonable up to relatively large Q 2 .
I. INTRODUCTION
The study of electromagnetic properties of hadrons has attracted a lot of interest for many years. Though QCD is the fundamental theory to describe the strong interaction, it is difficult to apply it directly to study the hadron properties due to the non-perturbative property. There are many phenomenological models based on hadron or quark level such as cloudy bag model [1] , the constituent quark model [2, 3] , the 1/N c expansion approach [4] , the perturbative chiral quark model [5] , non-local quark meson coupling model [6] , the extended vector meson dominance model [7] , the quark-diquark model [8] and the Schwinger-Dyson formalism [9] [10] [11] , etc.
As well as the above model calculations, there are also many lattice-QCD studies of the electromagnetic form factors. Significant efforts to probe baryon electromagnetic structure in lattice QCD have been driven by the Adelaide group [12, 13] , the Cyprus group [14] , and the QCDSF [15] [16] [17] and LHP Collaborations [18, 19] . Though lattice QCD is the most rigorous approach, most quantities are simulated with large quark (π) mass because of the computing limitations. Therefore, it is necessary to extrapolate the lattice data to the physical π mass.
Chiral perturbation theory (χPT) is a systematic tool in studying hadron physics and the Lagrangian is well defined and based on the chiral symmetry which is the same as QCD. Various formulations of χPT have also been widely applied to study the hadron properties. [20] [21] [22] [23] . To deal with the divergence of the loop integral, most formulations of χPT are based on dimensional or infrared regularization. With dimensional regularization, it has been observed that expansions in χPT are consistent with experimental results up to Q 2 ≃ 0.1 GeV 2 [21] . Extensions of χPT to explicitly incorporate vector mesons have been demonstrated to improve the applicability to Q 2 ≃ 0.4 GeV 2 [24] . An alternative regularization method, namely finite-range-regularization (FRR) is widely applied in the chiral extrapolation of the lattice data. A ultraviolet regulator reflects the structure of hadrons is introduced in the loop integral. FRR effective field theory (EFT) was first applied in the extrapolation of the nucleon mass and magnetic moments [25] [26] [27] . The remarkably improved convergence properties of the FRR expansion mean that lattice data at large pion masses can be described very well and the nucleon mass obtained at the physical pion mass compared favorably with the experimental value. Later, the FRR method was applied to extrapolate the vector meson mass, magnetic moments, magnetic form factors, strange form factors, charge radii, first moments of GPDs, etc. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Therefore, to study the hadron properties at relatively large Q 2 and pion mass. It is important to consider the size effect of the hadrons. In the previous work, we proposed a new quantization condition, i.e. solid quantization [38, 39] . With the solid quantization, the modified propagators of the hadrons as well as the non-local interaction are obtained. Compared with the FRR EFT, the ultraviolet regulator can be derived from the Lagrangian. In this paper, we will apply the non-local Lagrangian in the heavy baryon formalism to study the nucleon magnetic form factors up to relatively large Q 2 . The paper is organized as follows. In section II, we briefly introduce the chiral Lagrangian which will be used in our loop calculation. The nucleon magnetic form factor is derived in section III. Numerical results are presented in section IV. Finally, section V is a summary.
II. CHIRAL LAGRANGIAN
There are many papers which deal with heavy baryon chiral perturbation theory -for details see, for example, Refs. [40] [41] [42] . For completeness, we briefly introduce the formalism in this section. In the heavy baryon chiral perturbation theory, the lowest chiral Lagrangian for the baryon-meson interaction which will be used in the calculation of the nucleon magnetic moments, including the octet and decuplet baryons, is expressed as
where S µ is the covariant spin-operator defined as
Here, v ν is the nucleon four velocity (in the rest frame, we have v ν = (1, 0)). D, F and C are the coupling constants. The chiral covariant derivative D µ is written as
The pseudoscalar meson octet couples to the baryon field through the vector and axial vector combinations
where
The matrix of pseudoscalar fields φ is expressed as
B v and T µ v are the velocity dependent new fields which are related to the original baryon octet and decuplet fields B and T µ by
In the chiral SU (3) limit, the octet baryons will have the same mass m B . In our calculation, we use the physical masses for baryon octets and decuplets. The explicit form of the baryon octet is written as
For the baryon decuplets, there are three indices, defined as
The octet, decuplet and octet-decuplet transition magnetic moment operators are needed in the one loop calculation of nucleon magnetic form factors. The baryon octet magnetic Lagrangian is written as:
Q is the charge matrix Q =diag{2/3, −1/3, −1/3}. At the lowest order, the Lagrangian will generate the following nucleon magnetic moments:
The decuplet magnetic moment operator is expressed as
where q ijk and q ijk µ C are the charge and magnetic moment of the decuplet baryon T ijk . The transition magnetic operator is
In Ref. [43] , the authors used µ u , µ d and µ s instead of the µ C and µ T . For the particular choice, µ s = µ d = − 1 2 µ u , one finds the following relationship:
In our numerical calculations, the above formulas are used and therefore all baryon magnetic moments are related to one parameter, µ D .
The above local Lagrangian need to be replaced by the non-local form if we take the size of the hadrons into account. The gauge invariant Lagrangian of the first term of Eq. (1) can be written as [39] 
whereψ
where e j ef f is expressed as
F ( a) and e j is the charge of hadron j. Similarly, the local nucleon-meson interaction can be changed to be a non-local interaction for non-point particles. For example,
with
and Φ M ( b) which are related to the free nucleon and meson wave function. As in Ref. [39] , due to the non-point property of hadrons, in the heavy baryon formalism, the propagators of the octet and decuplet baryon, j can be written as
is the mass difference of between the two baryons. The propagator of meson j (j = π, K, η) is expressed as 
III. MAGNETIC FORM FACTORS
In the heavy baryon formalism, the nucleon form factors are defined as:
where q = p ′ − p and Q 2 = −q 2 . According to the Lagrangian, the one loop Feynman diagrams which contribute to the nucleon magnetic moments are plotted in Fig. 1. Fig. 1a and Fig. 1b provide the leading order contribution while the other diagrams give the next to leading order contribution. The contributions to nucleon magnetic form factors of Fig. 1a are expressed as
The integration I αβ 1j is expressed as
The first terms in Eqs. (24) and (25) come from the π meson cloud contribution. The second terms come from the K meson cloud contribution. This diagram was studied in our previous paper [31, 37] where the regulator is introduced "by hand". Here, the function W 1 is obtained from the modified propagator and the non-local Lagrangian. The modified baryon and meson propagators give the factorΦ 
The contributions to the form factors from Fig. 1c are expressed as
The function of W 2 is expressed as
The magnetic moments of nucleon in the chiral limit, expressed in terms of µ D and µ F , are used in the one loop calculations. The contributions to the form factors of Fig. 1d are expressed as Fig. 1e and Fig. 1f give the following contributions to the form factors:
The total nucleon magnetic form factors can be written as
where G p0 M and G n0 M are the tree level magnetic form factors expressed as
Z is the wave function renormalization constant, expressed as
where W 3 is expressed as
Here we did not include the tadpole contribution. In fact, the tadpole contribution is highly suppressed due to the finite size of the hadrons. For example, for the proton magnetic form factors, the tadpole contribution is written as
W 4 is expressed as
The functionΦ( k 2 ) is from the meson propagator, while the additional l integral ofΦ(
2 ) is due to the non-local four-particle interaction. The tadpole contribution of Fig. 1g was not included in our previous work of nucleon magnetic form factors [37, 44] . In this work, numerical result shows that the tadpole contribution to the nucleon form factors is very small. It is less than 1% of nucleon magnetic moments. Therefore, it can be neglected naturely in our calculation. 
IV. NUMERICAL RESULTS
In the numerical calculations, the parameters are chosen as D = 0.76 and F = 0.50 (g A = D + F = 1.26). The coupling constant C is chosen to be −1.2 which is the same as Ref. [45] . There is a parameter Λ in the Lagrangian, whose value is F π for the local case. Here, the local interaction is modified to the non-local one, Λ is different from F π which will be determined as a free parameter.
The low energy constant µ D is chosen as our previous paper [31, 37] , i.e. µ D is 2.40 and 2.05 for proton and neutron, respectively. For the correlator, four kinds of functions are tested. First we calculate the proton magnetic form factor with standard Gauss functionΦ
and modified Gause functionΦ
In the above functions, Λ ′ is a parameter. Therefore, there are two free parameters Λ and Λ ′ need to be determined. They are determined by the experimental proton and neutron magnetic moments.
The proton magnetic form factor G p M (Q 2 ) versus Q 2 is plotted in Fig. 2 . The dashed and dotted lines are for the standard and modified Gauss functions, respectively. The solid line is for the empirical parametrization
From the figure, one can see that the calculated proton magnetic form factor is comparable with the experimental data for both correlators up to Q 2 = 2 GeV 2 . For the standard Gauss function, the proton magnetic form factor at low Q 2 drops faster than the modified Gauss function. resulting a larger magnetic radius. The radii are 1.12 fm 2 and 0.72 fm 2 , respectively. The radius from the modified Gauss function is close to the experimental value which can also be seen from Fig. 2 since at low Q 2 , the dotted line is much closer to the empirical line. We also tried the standard dipole functionΦ
and modified dipole functionΦ
The numerical results are plotted in Fig. 3 . Same as Fig. 2 except the dashed and dotted lines are for the standard and modified dipole functions, respectively. In these cases, the proton magnetic form factors can be described well up to 2 GeV 2 as well. At low Q 2 , the modified dipole function behaves better which gives a better magnetic radius. The neutron magnetic form factors for the Gauss-type functions are shown in Fig. 4 . The solid, dashed and dotted lines are results of the empirical, the standard Gauss and modified Gauss functions, respectively. For the calculation of neutron form factor, all the parameters are kept same as in the proton case. From the figure, one can see the calculated neutron magnetic form factor is comparable with the experimental data up to 2 GeV 2 . At low energy transfer, the neutron magnetic form factor increases faster than the empirical data for both cases which means the calculated magnetic radii are larger than the experimental data. The magnetic radius of neutron obtained with the modified Gauss function is about 1 fm which is comparable with the experimental data 0.87 fm.
The neutron magnetic form factors for the dipole-type functions are shown in Fig. 5 . Again, the calculated form factor is comparable with the empirical data up to Q 2 = 2 GeV 2 . The radius obtained from modified dipole function is also about 1 fm which better than that for the standard dipole function.
In Fig. 6 , we plot the contributions to the proton magnetic form factor separately. The solid, dashed, dotted and dash-dotted lines are for the total, tree-level, leading order and next to leading order contribution, respectively. From the figure, one can see that loop and tree-level contribute about 30% and 70% to the proton magnetic moment. With the increasing Q 2 , the tree-level (3-quark core) contribution is dominant. When Q 2 is larger than about 0.4 GeV 2 , there is no visible contribution from the meson loop. This result can be easy understood from the meson cloud picture where the 3-quark core of nucleon is surrounded by the meson cloud. At low energy transfer, the meson cloud is important to the nucleon form factors, especially to the nucleon radii. When Q 2 becomes large, the photon will detect the 3-quark core. Therefore, the 3-quark core contribution is dominant to the proton magnetic form factor at large Q 2 . Similarly, the total, tree-level, leading order and next to leading order contributions to the neutron magnetic form factor are plotted in Fig. 7 . Again, one can see that the loop contribution is important for the neutron magnetic moment and radius. At large Q 2 , the 3-quark core contribution is dominant. No visible contribution to the neutron magnetic form factor from meson loop when Q 2 is larger than about 0.4 GeV 2 .
V. SUMMARY
We studied the nucleon magnetic form factors with the non-local chiral Lagrangian. The one loop integral is not divergent due to the correlation function. The baryon octets and decuplets are include in the intermediate states.
There are only two free parameters Λ and Λ ′ which is determined by the experimental nucleon moments. The parameters and results for the four kinds of functions are summarized in Table I . Set 1, set 2, set 3 and set 4 are for the standard Gauss, modified Gauss, standard dipole and modified dipole function, respectively.
The contribution to the form factors from tadpole diagram is very small and can be neglected naturely. We tested four kinds of correlation functions, i.e. Gauss-type and dipole-type functions. The nucleon form factors can be described well up to Q 2 = 2 GeV 2 for all these four kind of functions. The magnetic radii obtained from modified Gauss and dipole functions are comparable with the empirical data. No visible contribution to the nucleon magnetic form factors from the meson loop when Q 2 is larger than about 0.4 GeV 2 .
